We report the synthesis of glycine on interstellar ice-analog films composed of water, methylamine (MA), and carbon dioxide under irradiation of ultraviolet (UV) photons. Analysis of the UV-irradiated ice films by in situ mass spectrometric methods revealed glycine and other isomers as photochemical products. Deuterium-labeling experiments were conducted to determine the structures of the photoproducts and to examine their formation pathways. The reactions occur via photocleavages of C-H and N-H bonds in MA, followed by subsequent reactions of the nascent H atom with CO 2 , leading to the formation of HOCO and then to glycine and carbamic acid. The photochemical synthesis of glycine occurs efficiently at the ice surfaces, and the competing photosynthesis and photodestruction processes can reach a steady-state kinetic balance at an extended UV exposure, maintaining a substantial population level of glycine. The observation suggests that interstellar amino acids can be created on ice grains, and that they can also be stored in the ices by maintaining a kinetic balance under interstellar UV irradiation. As such, the transport of amino acids in interstellar space may be possible without depleting the net abundance of amino acids in the ices but rather increasing the structural diversity of the molecules.
INTRODUCTION
Organic molecules in extraterrestrial space may have provided essential feedstock for prebiotic chemistry on Earth and played an important role in the origin and evolution of life (e.g., Ehrenfreund & Charnley 2000) . Among extraterrestrial prebiotic molecules, amino acids are of particular astrobiological interest since they are the building blocks of proteins in living organisms. Various extraterrestrial amino acids, over 70 amino acids in the Murchison meteorite alone, have been found in carbonaceous meteorites since the 1970s (Kvenvolden et al. 1970 , and references therein), indicating that the meteorites are a rich source of extraterrestrial amino acids. There is a general consensus that the meteorites have experienced extensive aqueous alteration of its composition in its parent body before falling to Earth (Rubin et al. 2007 , and references therein), which may have resulted in the production of diverse amino acids through the Strecker-type synthesis (Cronin & Chang 1993; Elsila et al. 2007 , and references therein). On the other hand, an interstellar heritage for the amino acids was also suggested based on their deuterium isotopic anomalies (Pizzarello et al. 1991) . In the interstellar medium (ISM), amino acids or their precursors may form via specific gas-phase reactions (Kobayashi et al. 2001; Blagojevic et al. 2003) or via solid-phase reactions on dust grain surfaces, stimulated by external energy sources such as ultraviolet (UV) radiation or ion bombardment (Kobayashi et al. 1995; Sorrell 2001; Bernstein et al. 2002; Caro et al. 2002; Woon 2002; Holtom et al. 2005) . A variety of complex organic molecules have been found toward hot molecular cores, and also a rich inventory of organic species in the ices observed frequently as absorption bands toward continuum point sources (van Dishoeck 2004) . These observations suggest that the processes related to icy dust particles and UV photons are prevalent in this region, and complex organic molecules may form by UV processing of dust grains prior to ice mantle evaporation as well as by a secondary gas-phase reaction of the evaporated species. As recent observational results (e.g., Boogert et al. 2008) show, ice chemistry is also important in cold dense clouds, where ice grains may be UV-processed by photons emitted from cosmic ray excitation of hydrogen gas (Prasad & Tarafdar 1983) . Recent laboratory experiments (Ehrenfreund et al. 2001) show that amino acids are highly susceptible to photodestruction by UV light. The limited photostability of amino acids suggests that they cannot accumulate in large quantities in the gas-phase ISM under interstellar UV radiation (Ehrenfreund et al. 2001; Kuan et al. 2003) . Another question that arises is how amino acids can survive and be transported in interstellar space, unless they are protected in a UV-shielded environment such as the interior of a solid body.
Several pioneering laboratory experiments have examined the possibility for the synthesis of amino acids on ice grain surfaces in the ISM. In early experiments, interstellar ice analogs were prepared from a mixture of relevant interstellar species and irradiated with external energy sources such as high-energy protons (Kobayashi et al. 1995) or UV photons (Bernstein et al. 2002; Caro et al. 2002) . After melting the ice samples and hydrolyzing the solid residues in an acidic solution, the acid hydrolytes were analyzed by high-precision liquid chromatography and gas chromatography mass spectrometry to observe the formation of various amino acids. While these experiments demonstrated the feasibility of amino-acid synthesis under interstellar conditions, it remained uncertain whether these amino acids actually form in ices or during the subsequent melting and acid-hydrolysis processes (Elsila et al. 2007) . Recently, Holtom et al. (2005) have reported the in situ analysis of interstellar ice analogs composed of methylamine (MA; CH 3 NH 2 ) and CO 2 irradiated by high-energy (5 keV) electrons. Fourier transform infrared (FTIR) spectroscopic analysis of the frozen sample indicates the formation of glycine and its isomers. The study suggested a mechanism where glycine is formed via a coupling reaction between CH 2 NH 2 and HOCO radicals generated by energetic electrons in the solid phase.
Despite current active research, many aspects of interstellar amino acids remain veiled, including the mechanisms of their formation, storage, and transport in the ISM where the fate of molecules is greatly influenced by UV radiation. In the present work, we investigate the effect of UV irradiation on interstellar ice analogs consisting of water, MA, and carbon dioxide. The samples are prepared in water-dominant compositions to be consistent with the interstellar ice composition; this is in contrast to the binary mixture of MA and CO 2 employed in the previous study (Holtom et al. 2005) . CO 2 is one of the main constituents of interstellar ices. MA mimics interstellar species containing H, C, and N. Solid-phase MA has not yet been detected in the ISM. However, MA is observed in the gas-phase ISM (Kaifu et al. 1974) , and it should efficiently condense onto the ice grain surfaces in the interstellar space. MA may also form during the UV processing of interstellar ices containing CH 4 and NH 3 (Gürtler et al. 2002) , because the reaction occurs via simple C-H and N-H bond fission processes and the association of methyl and amino radicals (Gardner & McNesby 1980) . The present experiment uses samples in the form of an ice film with adsorbates on the surface, which is a simplified version of the interstellar ice structure. Nevertheless, this approach facilitates systematic investigation of ice surface reactions to deduce basic information such as reaction efficiency and mechanism. By employing in situ mass spectrometric analysis, we observe glycine and other products formed on the UV-processed ice samples. Further, different glycine isomeric structures are distinguished by performing deuterium-labeling experiments, and their formation pathways are deduced. Our study suggests that amino acids can be formed by UV processing of ice grains in interstellar clouds, and that they can be stored and transported in ice grains by maintaining a kinetic balance between competing photosynthesis and photodestruction processes under interstellar UV irradiation.
EXPERIMENTAL DETAILS
We performed simulation experiments in an ultrahigh vacuum chamber (base pressure 1 × 10 −10 torr) equipped with instrumentation for UV photochemistry and surface analysis, which has been described elsewhere (Kang 2005) . The interstellar ice analogs were created by depositing water molecules on an Ru(0001) single-crystal surface by a backfilling method at a vapor pressure of 1 × 10 −8 torr. Under this condition, the ice film grows uniformly due to almost complete wetting of the substrate surface during the formation of the first chemisorbed water layer (Clay et al. 2004 ). The ice films were grown in a nonporous, amorphous phase at a substrate temperature of 120 K, or for calibration experiments, in a crystalline phase at a temperature above 140 K. The thickness of the film was typically 5-10 monolayers (MLs; 1 ML = 1.1 × 10 15 water molecules cm −2 ), as estimated from temperature-programmed desorption mass spectrometry (TPDMS) measurements. Water (H 2 O or D 2 O) vapor was introduced into the chamber after degassing liquid water samples by freeze-vacuum-thaw cycles. CO 2 (99.999% purity) and MA (99.999% purity) gases were deposited onto the water-ice film for submonolayer coverage ( 0.3 ML) at a partial pressure below 1.0 × 10 −8 torr through separate dosing facilities. For deuterium-labeling experiments, CD 3 NH 2 (isotope purity, 99.98%) and CH 3 ND 2 gases were used for sample preparation. CH 3 ND 2 was synthesized by repeated dissolution of the CH 3 NH 2 gas in D 2 O-water followed by dehydration in a KOH solution. For calibration experiments, glycine (Aldrich, 99% purity) was deposited onto ice films by using a thermal evaporator charged with crystalline glycine powder.
The ice samples were irradiated with UV light from an RFpowered Kr lamp (Resonance Ltd.). The UV photon flux at the sample surface was 2 × 10 13 photons cm −2 s −1 . One hour of UV irradiation in the laboratory simulated the processing of interstellar ices for ∼20 yr in a diffuse cloud (UV flux ∼ 1 × 10 8 photons cm −2 s −1 ) and the processing for ∼2 × 10 6 yr in a dense cloud (UV flux ∼ 1 × 10 3 photons cm −2 s −1 ; Prasad & Tarafdar, 1983) . The lamp produced two sharp spectral maxima at energies of 10.03 eV and 10.64 eV, respectively, and broad intensities in the region of 7.3-10 eV. These photon energies are close to the Lyman emission lines of hydrogen, the dominant UV radiations in the interstellar space. Photoelectrons emitted from the Ru substrate did not noticeably affect the reactions on the ice film surface. We verified this effect by increasing the film thickness up to 30 ML, a value much greater than the electron attenuation length (2-3 ML) through the ices (Jo & White 1991) . The sample temperature during the UV irradiation was controlled between 50 and 80 K. This temperature range overlaps with the temperature in some regions (<100 K) of hot cores where dust grains may experience UV processing and mild heating prior to sublimation of the ice mantles.
The photochemical products formed at the sample surfaces were analyzed by employing the techniques of reactive ion scattering (RIS) and low-energy sputtering (LES). RIS and LES are sensitive detection tools for neutral and ionic species, respectively, present on ice film surfaces. The principle and the apparatus for these methods are described elsewhere (Kang 2005) . Briefly, a Cs + ion beam with low incident energy (less than 50 eV) collides with the surface, and the scattered ions are mass analyzed. In RIS, the neutral species (X) at the surface are picked up by the scattering Cs + projectiles to form Cs + neutral clusters (CsX + ). In LES, the ionic species (Y + ) preexisting on the ice surface are ejected by the Cs + impact. The RIS (CsX + ) and LES ions (Y + ) are simultaneously detected by a quadrupole mass spectrometer with its ionizer filament switched off. Therefore, the masses of both neutral and ionic constituents (X and Y + ) of the surface are identified from the mass spectrum. In the present work, the incident energy of a Cs + beam was 30 eV and its current density was below 1.0 nA cm −2 . Under these conditions, the probing depth of the techniques is the first monolayer of an ice film, and the effect of surface contamination by a Cs + beam was negligible (Jung et al. 2004 ).
RESULTS

Interstellar Ice Analogs Consisting of H 2 O, CH 3 NH 2 , and CO 2
We studied the effect of UV irradiation onto an interstellar ice-analog film consisting of H 2 O, MA (CH 3 NH 2 ), and CO 2 . The sample was prepared by growing an H 2 O-ice film on an Ru(0001) surface and then condensing MA and CO 2 gases onto the film at a temperature of 56 K. The sample was processed by UV light with exposure up to 1 × 10 17 photons cm −2 for 80 minutes at a temperature of 56 K. The maximum amount of UV exposure was practically limited by the irradiation time, because residual water vapor in the vacuum chamber gradually condensed onto the sample surface and hampered the RIS detection of photoproducts on the surface, even though extended UV exposure increased the population of photoproducts.
Figure 1(a) shows the result of LES and RIS measurements from the sample before UV irradiation, and Figure 1(b) shows the result after UV irradiation. In Figure 1 . The peak intensity is displayed in a logarithmic scale. The noise level in the spectrum is ∼2 cps. The sample temperature was maintained at 56 K during gas adsorption, UV irradiation, and LES and RIS measurements. The MA and CO 2 coverages are estimated from the gas adsorption curves (Park et al. 2007 ).
the pick-up of the H 2 O molecule on the surface. The peaks at m/z = 164 (CsMA + ) and m/z = 177 (CsCO 2 + ) are due to the pickup of MA and CO 2 , respectively. The CsCO 2 + intensity is substantially lower than the CsMA + intensity, because the RIS detection efficiency for nonpolar CO 2 is lower than that for polar MA , which are produced by secondary ion emission processes (Moon et al. 2008) .
After UV irradiation of the sample, several peaks newly appear in spectrum (b) as a result of the photochemical reaction. These photoproducts are labeled in the spectrum, and their possible assignments are summarized in Table 1 . The LES signals at m/z = 32 (MAH + ) and 50 [MAH(H 2 O) + ] appear with much stronger intensity than those in spectrum (a), in accordance with the formation of the methylammonium ion by proton transfer processes in the ice upon UV irradiation (Moon et al. 2008) . The peak at m/z = 46 is temporarily assigned as either CH 2 O 2 + (formic acid cation) or H 3 NCHO + (protonated aminoaldehyde). This assignment will be elaborated by the isotope labeling study in Section 3.2 and the Appendix. The RIS signal at m/z = 160 (Loerting et al. 2000) .
Importantly, the peak appearing at m/z = 208 [Cs(C 2 H 5 NO 2 ) + ] indicates the formation of C 2 H 5 NO 2 species on the surface. This species can be glycine (NH 2 CH 2 COOH) or its structural isomers. Methylcarbamic acid (CH 3 NHCOOH) and methyl carbamate (NH 2 COOCH 3 ) are the two possible isomers, whereas the other structures are energetically very unstable. Another possibility is that the cluster of MA and carbon dioxide contributes to this signal [Cs(MA)(CO 2 ) + ]. To check this possibility, we raised the sample temperature above the desorption temperatures of CO 2 (85 K), CH 3 NH 2 (135 K), and H 2 O (160-180 K), and analyzed the surface. The m/z = 208 signal remained after the sample heating, indicating that it was due to molecular species (C 2 H 5 NO 2 ) rather than the cluster of MA and CO 2 .
Deuterium-labeling Study
We prepared interstellar ice-analog films with deuteriumlabeled molecules including methyl-d 2 -amine (d 2 -MA; CH 3 ND 2 ), d 3 -methylamine (d 3 -MA; CD 3 NH 2 ), and D 2 O. The purpose of the deuterium-labeling experiments is threefold. First, we examine which of three possible glycine isomers (glycine, methylcarbamic acid, and methyl carbamate) are formed and detected as the Cs(C 2 H 5 NO 2 ) + signal. These three glycine isomers may form with different numbers of deuterium atoms in the molecule from the d-substituted reactant species, such that they can be differentiated by their mass. Second, the reaction pathways leading to the observed photoproducts can be examined. The photochemical reactions in the present samples are likely to involve the breakage of C-H, N-H, and O-H bonds of the constituent molecules. The deuterium-labeled molecules chosen above can trace such bond fission processes and the subsequent reaction paths. Third, deuterated (or undeuterated) glycine isomers undergo an H/D exchange reaction with H 2 O at a temperature of 56 K. After UV processing, the sample temperature was raised to 120 K to induce the H/D exchange reaction between the photoproducts and the D 2 O molecules on the surface. The products on the film surface were analyzed by LES and RIS, and the resulting spectrum ( Figure A1 ) and the assignments of the products are presented in the Appendix. Here, we only summarize the result for glycine and its isomers. Sample C (H 2 O, CD 3 NH 2 , and CO 2 ). d 3 -MA (CD 3 NH 2 ) and CO 2 gases were condensed onto an H 2 O-ice film, and UV light was irradiated onto the film at 56 K. CD 3 NH 2 in this experiment acts as a different type of a deuterium donor in comparison to CH 3 ND 2 in sample B; CD 3 NH 2 generates D atoms by UV photolysis of C-D bond, whereas CH 3 ND 2 generates D atoms by N-D dissociation. Further, the methyl functional group in MA does not exchange protons with water molecules at all temperatures, in contrast to the proton exchange of the amino group occurring at T > 140 K (reaction (A2)). Sample C produces only one glycine isomer peak at m/z = 211 (CsC 2 H 2 D 3 NO 2 + ) for the temperature range 56-100 K ( Figure A3 ). After the H/D exchange reaction is activated at temperature above 120 K, this peak is split into two peaks at m/ z = 210 and 211, respectively ( Figure A4) . The m/z = 210 peak indicates the formation of d 2 -glycine (H 2 NCD 2 COOH).
The interpretations of glycine isomer signals that appear from the three isotope-labeled samples are described in detail in the Appendix, and Table 2 summarizes the results. Exclusive evidence of the formation of glycine by the UV processing comes from the observation of the isotopomer signal at m/z = 211 in sample B and the signal at m/z = 210 in sample C. The signals at the neighboring masses indicate that methylcarbamic acid and/or methylcarbamate are also produced. The relative formation yield of glycine in these samples, defined as the population ratio of glycine to all isomers, is about 25% or greater.
To estimate the absolute amount of glycine present on the surfaces, we calibrated the RIS signal intensities for glycine against those from a standard sample. The standard sample was prepared by depositing a known amount of glycine onto a waterice film using a thermal evaporator. The calibration experiment reveals that the total surface population of photogenerated glycine isomers on the present samples is about 0.015 ML. An alternative method gives a similar value (∼0.015 ML), as estimated from the ratio of the RIS signal intensities for glycine isomers (∼10 cps on the average) to MA (∼200 cps for 0.3 ML) on the three samples. For glycine alone, excluding the other isomers, the surface population is estimated to be 0.004 ML or higher on the present surfaces.
DISCUSSION
Reaction Pathways to Glycine and Other Isomers in UV Processing of Interstellar Ice Analogs
We first discuss possible reaction mechanisms leading to the synthesis of glycine and other isomers. UV irradiation of the interstellar ice analogs can induce the breakage of C-H, N-H, or O-H bond in the constituent molecules. The bond dissociation energies of C-H and N-H bonds in MA are 3.8 and 4.1 eV, respectively, and the O-H bond dissociation energy of a water molecule is 5.1 eV. Irradiation of 147 nm photons dissociates 47% of MA molecules in the gas phase into CH 2 NH 2 and H and 21% of the molecules into CH 3 NH and H (Magenheimer et al. 1969 ). Since the C-H and N-H bonds in MA are relatively weaker than the water O-H bond, we first consider reactions starting from the fragmentation of the C-H or N-H bond. Analogous processes have been suggested in the study of interstellar ice-analog reactions with electron bombardment (Holtom et al. 2005) . UV photolysis of MA can generate an H atom with excess energy (reaction (1)), and the nascent H atom reacts with CO 2 to form a hydrocarboxyl radical HOCO (reaction (2)). Reaction (2) is energetically a critical step in the Vol. 697 reaction mechanism, because its entrance activation barrier is significant (Zhu et al. 2001 
The HOCO and CH 2 NH 2 radicals associate to form glycine (reaction (3)).
The above reaction mechanism is supported by several observations in the present experiment. First, the existence of the hydrocarboxyl radical intermediate in reaction (2) is indicated by the m/z = 178 signal (CsCHO 2 + ) in Figure 1 (b) and the m/z = 179 signal (CsDCO 2 + ) in Figure A3 . These signals may also be produced from the collisional fragmentation of glycine, rather than from reaction (2). However, according to the principle of microscopic reversibility, the fragmentation of glycine to the hydrocarboxyl radical also supports the occurrence of reaction (3). Second, the observation of the DCO 2 isotopomer indicates that the D atom originates from the methyl group in CD 3 NH 2 , thereby supporting reaction sequences (1) and (2). Third, the incorporation of the DCO 2 radical into the carboxylic group in glycine is evidenced by the observation of d 3 -glycine (H 2 NCD 2 COOD) in sample C ( Figure  A3 and Table 2 ). The presence of an amino group (-NH 2 ) and CD 2 moiety in d 3 -glycine is explained only by the association reaction between CD 2 NH 2 and DOCO radicals (reaction (3)). These are quite strong evidences of the occurrence of reaction sequences (1)-(3).
UV photolysis of MA can also produce the CH 3 NH radical (reaction (4)). When the CH 3 NH radical reacts with HOCO, methylcarbamic acid (CH 3 NHCOOH) is formed via reaction (5):
This mechanism is consistent with the RIS signals of glycine isomers observed in the deuterium-labeling experiments: CH 3 NHCOOH in sample A, CH 3 NDCOOD in sample B, and CD 3 NHCOOH in sample C at the low temperatures. These isotopomeric structures also support that an energetic H atom is released from the amino group in MA (reaction (4)) and that the H atom is incorporated into HOCO and then into methylcarbamic acid (reaction (5)). The formation of methylcarbamate (H 2 NCO 2 CH 3 ) requires the insertion of CO 2 into the C-N bond in MA. For this, one can imagine a reaction sequence starting from the photochemical cleavage of the C-N bond in MA (reaction (6)), followed by the reaction of the CH 3 radical with CO 2 (reactions (7)) and then the reaction with the NH 2 radical (reaction (8)).
CO 2 + CH 3 → CH 3 OCO
NH 2 + CH 3 OCO → CH 3 OCONH 2 .
The isotopomeric formula of methylcarbamate expected from this mechanism is consistent with the experimental observations. However, from the viewpoint of reaction dynamics in the ices, the feasibility of such a reaction sequence is questionable. CH 3 and NH 2 radicals have much lower mobility than an H atom in the low-temperature ices, which means that these radicals, even if they are created initially as energetic species, will quickly lose their excess energy in the solid matrix and have difficulty in proceeding the two subsequent reactions (7) and (8). For this reason, methylcarbamate is unlikely to be part of the glycine isomer signals observed in the present study.
A noteworthy feature in the above mechanisms is that water molecules do not directly participate in the photochemical reaction paths though they are most abundant in the samples. If water molecules contributed to the formation of hydrocarboxyl radicals by releasing energetic H (or D) atoms, then sample A would have produced DOCO for a radical intermediate and NH 2 CH 2 COOD for glycine. Likewise, sample C would have produced HOCO and NH 2 CD 2 COOH. However, none of these species are observed at low temperatures (less than 120 K), indicating that the major source of energetic hydrogen atoms is MA rather than water. Although UV irradiation can generate hydrogen atoms by the photodissociation of water molecules in ice (e.g., Watanabe et al. 2000) , this process appears to occur with much lower efficiency than the photodissociation of MA. The observation is consistent with the fact that the O-H bond in water is stronger than the C-H and N-H bonds in MA. Therefore, the water molecules only contribute to the proton exchange reaction with glycine molecules after photosynthesis.
Photosynthesis Versus Photodestruction
Amino acids are highly susceptible to UV photodestruction in the gas phase, and they may easily be destroyed in diffuse clouds or in the star-forming regions where UV photons are intense. Photostability of amino acids can be somewhat improved in solid matrices (Ar, N 2 , and H 2 O) compared to the situation in the gas phase, but not significantly enough for amino acids to survive longer than the lifetime of a typical cloud (10 7 yr; Ehrenfreund et al. 2001) . For this reason, it has been questioned how amino acids may survive and be transported in the ISM to become incorporated into meteorite bodies.
We observe that the population of glycine on the ice samples continuously increases with an increase in UV exposure up to ∼1 × 10 17 photons cm −2 . The RIS signal of glycine decreases after this UV exposure, but as mentioned in Section 3.1, this is caused by the condensation of residual water vapor on the sample surfaces during the period of UV irradiation (∼80 minutes), rather than by the actual decrease in glycine population due to photodestruction. Our control experiment with glycine molecules deposited on pure ice films confirms that the residual water adsorption is the main cause of the reduction in the glycine signal intensity under the present vacuum condition. This is consistent with the report by Ehrenfreund et al. (2001) that a UV exposure of 1 × 10 18 photons cm −2 is needed to reduce the initial population of amino acids to half by photodestruction in Ar and H 2 O matrices. The continual increase in glycine population with UV exposure in the present study will eventually reach a certain critical value, above which the rate of glycine formation is counterbalanced by its photodestruction rate, and the glycine population will reach a steady-state value. The steady-state population is not yet reached for a UV dose of 1 × 10 17 photons cm −2 . The surface population of glycine at this UV dose is ∼0.004 ML (∼4 × 10 12 molecules cm −2 ), and this number corresponds roughly to 2% of the surface population of MA (0.3 ML) or CO 2 (0.2 ML). This is a significant amount of relative abundance, indicating efficient photosynthesis of glycine.
The implication of the present finding is that interstellar amino acids may be created and also be stored in ice particles in the environment of UV radiation as a result of a steadystate kinetic balance. Efficient photosynthesis of amino acids in the ices may counterbalance their photodestruction, such that a significant population level of amino acids can be maintained. The steady-state population of amino acids will not critically depend on the intensity of interstellar UV radiation, because the effect of photon intensity cancels out during the kinetic balance of photosynthesis and photodestruction, both of which occur via single-photon absorption processes in the ISM. The steadystate population of amino acids will vary with the composition of interstellar ices. Necessary ingredients for the synthesis of amino acids may also be supplied from the UV photolysis of preexisting amino acids in the ices, thereby establishing a feedback mechanism that facilitates further amino-acid synthesis. Such steady-state photochemistry in interstellar ices suggests two immediate consequences. First, UV-protected environments for amino acids such as trapping in the deep cores of solid bodies, which have been conjectured before, may not be crucial for the storage and transport of amino acids in the ISM, as long as they remain in ice particles. Second, the competing photosynthesis and photofragmentation processes will increase the structural diversity of amino acids in the ices as they are trapped for extended periods. This could explain the inventory of diverse amino-acid structures observed in carbonaceous meteorites (Kvenvolden et al. 1970) .
As the final part of our discussion, we may attempt to predict the population of glycine in interstellar ices by extrapolating the present result. The kinetic expression for the steady-state equilibrium between the photosynthesis and photodestruction of glycine can be written as follows:
Here, k f is the rate coefficient for glycine formation from reactants R i , k d is the photodestruction rate coefficient, and [gly] ss is the steady-state concentration of glycine. The photon flux cancels out in the steady-state expression and is thus not a variable, as explained above. Equation (9) shows that the steady-state concentration of glycine is simply proportional to the reactant concentrations in the ice. According to astronomic observations, CO 2 has a relative abundance of about 20% (normalized to the H 2 O content) in protostar interstellar ices (W33A, NGC7538, Elias29, and Elias16; Ehrenfreund & Charnley 2000) . We assume that MA exists in interstellar ices in an undetectable level by current infrared observational techniques, for instance, ∼1% at most. With these values and the steady-state glycine concentration of 0.004 ML (a relative abundance of 0.4%) observed in the present samples, Equation (9) predicts the relative abundance of glycine in interstellar ices to be less than ∼0.01%. This predicted abundance should be regarded only as a rough guideline, because the MA content in interstellar ices is unknown and the present sample structure is different from interstellar ices.
CONCLUSION
The present study shows that glycine and its isomer carbamic acid are formed by UV irradiation of interstellar ice-analog films consisting of water, MA, and carbon dioxide at low temperature. The presence of glycine is unambiguously identified from the in situ analysis of the sample surfaces and the deuterium-labeling study of the constituent molecules. The observation strengthens the possibility that glycine is synthesized in the interstellar space by UV processing of icy dust particles.
Important steps in the reaction pathways leading to the formation of glycine appear to be the initial photochemical cleavages of C-H and N-H bonds in MA, and the nascent energetic H atom reacts with CO 2 to form an HOCO intermediate. The association reaction of HOCO and CH 2 NH 2 radicals produces glycine, and the reaction with the CH 3 NH radical produces carbamic acid. Water molecules do not directly participate in this photochemical synthesis as a major channel due to its lower photodissociation efficiency than MA.
Our observation shows that the photochemical synthesis of glycine occurs efficiently on the ice surfaces, and a significant population level of glycine can be maintained at steady-state equilibrium between the photosynthesis and photodestruction of glycine. A steady-state population for glycine of ∼0.004 ML or higher is deduced for the present samples. Extrapolation of this result to interstellar conditions suggests that a small but significant amount of glycine molecules may exist in interstellar ices though they are undetectable by current observational techniques. Importantly, amino acids may be stored and transported in the ISM under interstellar UV irradiation by maintaining a kinetic balance in the ices, without the necessity for shielding from UV light. Moreover, the result implies that extended storage of amino acids in the ices may increase the structural diversity of molecules as a result of competing photosynthesis and photodestruction processes, while the net population of amino acids is conserved. Therefore, ice grains may not only provide a birthplace for interstellar amino acids, but also assist their evolution to more complex structures and their transport in the ISM. 
APPENDIX H/D EXCHANGE CHARACTERISTICS OF GLYCINE ON ICE SURFACES
This control experiment was performed to acquire necessary background information for the identification of glycine isomers in the deuterium-labeling experiments. For this, we deposited glycine onto a pure D 2 O-ice film using a home-made thermal evaporator. Then, the film temperature was raised slowly from 56 K to 140 K at a rate of 1 K s −1 , while the progress of the H/D exchange between glycine and D 2 O was monitored by measuring the relative isotopomeric abundance of d-substituted glycines. Glycine has two functional groups that can exchange protons with water though intermolecular hydrogen bonding: carboxylic group and amino group (reactions (A1) and (A2)): Figure A1 . LES and RIS signals measured from a D 2 O-ice film (5 ML) adsorbed with CH 3 NH 2 (0.3 ML) and CO 2 (0.2 ML). The sample was irradiated by UV light at 56 K and then heated to 120 K before the measurement. Other experimental conditions were the same as those used in Figure 1(b) . The noise level in the spectrum is ∼2 cps.
(A2) are not observed until the temperature reaches 140 K, and they slowly appear above this temperature. This indicates that the H/D exchange process with a carboxylic group (reaction (A1)) is easier than that with an amino group (reaction (A2)). Figure A1 shows the result of LES and RIS measurements performed at 120 K for sample A, which is prepared as described in Section 3. Glycine isomer signals appear at m/z = 208 (CsC 2 H 5 NO 2 + ) and m/z = 209 (CsC 2 H 4 DO 2 + ) with an intensity ratio of about 3:1. This ratio changes to 4:5 when the sample temperature is raised to 130 K. However, the signals due to multiply deuterated isotopomers (C 2 H 5−x D x NO 2 , x 2) do not appear at 130 K. These observations indicate that the species appearing at m/z = 209 has a carboxylic group that can exchange only one proton with the D 2 O molecule. Therefore, this species must be d 1 -glycine (NH 2 CH 2 COOD) and/or methyl-d 1 -carbamic acid (CH 3 NHCOOD), because methyl carbamate (NH 2 COOCH 3 ) does not undergo an H/D exchange reaction at these temperatures. The m/z = 210 and 211 peaks appear with the intensity ratio of 10:1 in Figure A2 . This ratio increases as the sample is heated, eventually converging to a value of 8:3 at a temperature of 180 K at which all water molecules evaporate. The ratio of 8:3 suggests that the relative abundance of glycine among all isomers is about 27%. However, because the H/D exchange process of glycine may not occur to the full extent during this heating process, the actual relative abundance of glycine among the photoproducts can be higher than 27%. Figure A3 shows the spectrum obtained from sample C at a temperature of 100 K. The presence of d 3 -MA on the film surface is indicated by the LES peak at m/z = 35 (CD 3 NH 3 + ) and RIS peak at m/z = 167 (CsCD 3 NH 2 + ). The peak at m/z = 179 is assigned as Cs(DCO 2 ) + , in accordance with the assignment in Table 1 (CsHCO 2 + for m/z = 178 in Figure 1 ). As discussed in Section 4.1, DCO 2 may form via a reaction of CO 2 with a D atom that is dissociated from CD 3 NH 2 , or it may be produced by the collisional fragmentation of . LES and RIS signals measured from an H 2 O-ice film (6 ML) covered with CD 3 NH 2 (0.3 ML) and CO 2 (0.2 ML). UV light was exposed with 1 × 10 17 photons cm −2 at 56 K, and the sample was heated to 100 K before spectral acquisition. The noise level in the spectrum is ∼2 cps. Figure A3 , and the temperature was raised and maintained at 140 K for the kinetic measurement. 179 peak is Cs(H 2 NCDO) + , but it is difficult to imagine a reasonable source of H 2 NCDO. The peak at m/z = 193 is probably due to NHCO 2 H, which can be produced by collisional fragmentation of d 3 -methylcarbamic acid (CD 3 NHCOOH), because its mass position remains unshifted from that in Figure 1 (b). If this peak were due to C 2 H 4 O 2 (acetic acid or methylformate), it would appear at a higher mass than m/z = 193, because these species would contain part of the CD 3 moiety in d 3 -MA.
A.1. Analysis of Sample A (D 2 O, CH 3 NH 2 , and CO 2 )
A.2. Analysis of Sample B (D 2 O, CH
A.3. Analysis of Sample C (H 2 O, CD 3 NH 2 , and CO 2 )
The spectrum shows only one peak (CsC 2 H 2 D 3 NO 2 + at m/z = 211) for glycine isomers for the temperature range 56-100 K. The appearance of C 2 H 2 D 3 NO 2 species is compatible with any of three possible glycine isomers from sample C: d 3 -glycine (H 2 NCD 2 COOD), d 3 -methylcarbamic acid (CD 3 NHCOOH), and d 3 -methylcarbamate (H 2 NCO 2 CD 3 ). However, when the sample temperature is increased above 120 K, an additional peak starts to appear at m/z = 210 ( Figure A4 ). The new peak indicates that one D atom in the molecule is replaced by an H atom from H 2 O. This peak can only be due to d 2 -glycine (H 2 NCD 2 COOH), which is formed via an H/D exchange between the COOD group in d 3 -glycine and H 2 O. Note that the molecular mass of the other isomers cannot be decreased by the H/D exchange reaction because they do not have the COOD group. Figure 
